This article presents the results of nonlinear dynamic analyses that explore the effects of directionality and the random nature of ocean waves on the overall structural performance of a sample jack-up platform. A finiteelement model is developed which rigorously includes the effects of the material and geometrical nonlinearities in the structure and the nonlinear soil-structure interaction. Two wave theories, NewWave and Constrained NewWave, are adopted to simulate the water surface and water particle kinematics, which are implemented in the numerical model developed. Analyses are performed for both two and three-dimensional wave models, and the results are compared in terms of the deck and spudcan foundation displacements. The results obtained from the analyses indicate that the inclusion of wave spreading can result in reductions in the deck displacements of the sample jack-up platform. The level of reduction is greater when considerable plasticity occurs in the foundation. Furthermore, the probability of failure can be significantly decreased when the wave-spreading effects are included. In addition, it is shown that the effects of wave-spreading on the response and failure of the sample jack-up is increased when wave period is decreased.
INTRODUCTION
Jack-up platforms, which are conventionally designed and used as mobile drilling units, have been increasingly used to operate as production platforms in deep waters. Therefore, these self-elevating units are important to the offshore community because of their broad application and unique capacity in field development and operation.
The performance of these structures under the action of hostile environmental loading must be evaluated as realistically as possible to enable the owners to safely extend the applicability of jack-up units into new locations and water greater depths. This requirement necessitates progressive enhancement in the current analysis methodologies with respect to the performance assessment of jack-up structures.
Over the past decades, numerical modelling of jack-ups has been substantially developed in three major areas: structural modelling, soil-structure interaction models and ocean wave loading. In the structural-modelling area, geometrical and material nonlinearities and dynamic effects can be effectively modelled [1] . In addition, nonlinear-solutions have been considerably improved, and all of the mentioned capabilities have been incorporated into advanced commercial software (e.g., USFOS). In the geotechnical area, numerous soilspudcan interaction models that include soil nonlinearity have been developed, some of which can straightforwardly be coupled into structural numerical models [2, 3, 4 and 5] . However, despite noticeable enhancements in ocean wave mechanics [6, 7, 8, 9, 10 and 11] , the characteristics of real ocean waves are not explicitly represented in the current analysis procedures mainly because modelling all of the factors governing kinematics of ocean waves involve significant numerical complexities and are computationally expensive.
Extreme ocean waves propagate in different directions while carrying a wide range of energies and frequencies.
In other words, offshore structures are subjected to random waves that approach simultaneously from different directions. Nevertheless, in the conventional approach recommended by the design guidelines (e.g. API [12] ), wave kinematics are deterministically computed by applying regular and unidirectional (2D) wave theories. In these wave models, such as the Stokes 5th order, the effect of the random nature of ocean waves is neglected, and a kinematics reduction factor (e.g. between 0.85 and 1.00 as per API [12] ) is generically used to account for the directional spreading effects (3D effects). It should be noted that for drag dominated structures such as jackup platforms, the response is sensitive to the kinematics at the crest, as the horizontal drag forces are maximum at the crest height. However, the kinematic reduction factor, which reflects the reduced kinematics under the highest point of the wave crest [13] , cannot represent the effect of wave spreading on a jack-up (or any other spaced offshore structure) as the variation of crest height in the perpendicular direction of the wave is neglected.
Given the limitations in the current practice, a more rigorous numerical method is required to accurately and realistically simulate the random nature of extreme ocean waves and their directionality.
There is limited research on the effect of wave spreading and randomness on the dynamic performance of jackup structures under the action of hostile wave environment. Cassidy et al. [14, 15] considered the effect of randomness by constraining the deterministic linear NewWave [16] into a completely random background using the Constrained NewWave (CNW) method [17] . However, because the wave was applied on the structure as a 2D water surface elevation, the spreading effect was not studied. On-the-other-hand, Cassidy [18] addressed the effect of wave spreading on the jack-up performance using the directional NewWave; however in this case, the effect of randomness was not explicitly considered. Smith et al. [13] also quantified the level of load reduction in jack-ups using a second-order directional NewWave theory and consequently the effect of randomness again was not explicitly included. This study was extended by Smith et al. [19] and Hoyle et al. [20] by introducing a formula to calculate a kinematic reduction factor based on jack-up dimensions, wave characteristic and water depth and was intended to be applied in conjunction with a regular wave analysis. The formula was proposed by a parametric study conducted using a number of independent variables for five different rig classes. There has also been some advance studies on the directional spreading of ocean waves, such as the research carried out by Ewans [21] , Forristall and Ewans [22] Gibbs and Taylor [10] . However, the application of these methods to calculate wave loading on and the response of offshore structures remains computationally expensive.
In this study, the effects of random backgroundrandomness as well as the directionality and the random background of ocean waves are explicitly considered for a sample jack-up platform. The main focus is on the modelling of two and three-dimensional waves with the objective to perform a nonlinear dynamic time history analysis for both 2D waves with a kinematics reduction factor and 3D waves and then to compare the results.
NewWave and CNW (i.e. NewWaves of the same height and spatial location constrained within different random seas) are used to determine the wave actions; thereby, the effects of randomness the random background of ocean waves are emphasised. The later method, which accounts for the random background of ocean waves, has not been explicitly used to assess the effect of spreading on the performance of jack-up structures. The scope of this study is to compare the results for the 2D and 3D NewWaves and CNWs on a sample jack-up platform for a limited number of sea-states. This allows for future sensitivity studies to investigate the effects of various structural and environmental input parameters on overall structural response of jack-up platforms under 3D extreme waves.
FRAMEWORK OF JACK-UP MODELLING
A numerical model is developed using the USFOS software [23] to investigate the effect of wave spreading and random background of waves on the dynamic performance of a jack-up unit. The sample jack-up is assumed to operate at a water depth of 106.7 m. The numerical model of this platform is illustrated in Figure 1 . The jack-up structure is symmetrical against three axes (every 1208). The hull structure is supported by three main legs that rest on the seafloor through spudcan foundations. During offshore operation, the hull structure is raised to an elevation of 131.7 m above the seafloor, as shown in Figure 1 . The jack-up legs with a centre-to-centre distance of 46 m are composed of three vertical members that are stiffened through X-braces and form a triangular truss structure which are modelled by tubular members. The total self-weight of the jack-up platform is 134.2 MN.
The spudcan diameter is 17 m, the apex angle is 868, and the amount of preload in each leg is assumed to be 80 MN (i.e., approximately twice the self-weight reaction in each leg). The first three natural periods of the structure are 8.16 s (sway in the X-direction), 8.15 s (sway in the Y-direction), and 7.14 s (rotation about the vertical axis). Different aspects of numerical modelling, including wave loading, structural and geotechnical modelling schemes, are detailed in the following sections.
Wave Modelling
In the present study, the NewWave and CNW theories are adopted as deterministic and random approaches in wave modelling, respectively. These wave theories are briefly described as follows.
The NewWave theory [16] is a deterministic method that accounts for the spectral composition of the sea-state.
By assuming that the surface elevation can be simulated as a Gaussian random process, the expected elevation during an extreme event can be theoretically determined by simulating a large crest elevation, which is particularly useful in offshore engineering. The shape that is statistically most probable and associated with the event's occurrence is applied to model the surface elevation around this extreme event [4, 16] . For simplicity in the numerical implementation, the NewWave shape is discretised using a finite number (N) of sinusoidal wave components.
To include the effects of wave directionality, this method is extended by introducing another term to represent the wave direction, θ. This 3D NewWave can be discretised using a finite number (N x M) of sinusoidal wave components, where N is the number of frequency components and M is the number of wave directions.
Because there is a unique relationship between the wave number and the frequency, the spatial dependency can also be included, which leads to the following discrete form of the surface elevation (η) for the directional wave [18] :
(1)
where k n and ω n represent the wave number and angular frequency of the n th frequency component, respectively, θ m is the angle of m th wave direction, α represents the NewWave crest elevation, S ηη (ω n )dω . D(θ m )dθ represents the surface elevation spectrum, σ is the standard deviation that corresponds to that wave spectrum, X = x-x 1 , Y = y-y 1 and τ = t-t 1 are the distance and time relative to the initial position (x 1 , y 1 ) and initial time (t 1 ), respectively, and X = 0, Y = 0 and τ = 0 represent the location and time of the wave crest, respectively. Thus, the spatial field is positioned so that the crest occurs at a user-defined time and position relative to the structure.
D(θ)
is a directional spreading function, which is a symmetric function around the mean wave direction θ � that defines the distribution of wave energy in a sea-state with direction and must satisfy Equation 2.
A commonly used directional spreading function in engineering applications is present in Equation 3 , where n is a positive integer and C s is a coefficient such that Equation 2 is satisfied. When s is zero, the energy is uniformly distributed in all directions. Observations of wind-driven seas show that an appropriate spreading function is a cosine squared function (s = 2). When a limited fetch restricts the degree of spread, s = 4 is appropriate [12] .
Taylor et al. [17] and Cassidy et al. [14] showed that the 2D CNWs, which are generated mathematically by constraining a NewWave (of a predetermined crest height) in a random time series that defines the background surface elevation, can be used as an alternative for 3-hr randomly generated waves. This process is rigorously performed, where the constrained sequence is statistically indistinguishable from the original random sequence.
This approach provides the required extreme response that on average correlates with the occurrence of a large wave in a random sea-state [17] . This method can be extended to generate directional CNWs.
Wavelets of different wave lengths, amplitudes and periods that travel at varying speeds and directions are superposed to generate the random water surface. For a directional wave, the instantaneous random surface elevation η r (t) at a point in space such as (X,Y) = (0,0) is defined as follows:
where a m,n and b m,n are Fourier components, which are independent Gaussian random variables with a zero mean and a variance related to the wave energy spectrum at the corresponding discrete frequency and direction as follows:
The directional constrained surface elevation η c (t) is considered as follows:
where the terms have the following meanings:
term (a) -the original random surface elevation;
term (b) -the unit NewWave surface elevation (η(t) when α =1, see [4] and [17] ); term (c) -the predetermined constrained crest height (α);
term (d) -the original random surface elevation at t = 0 (or η r (0));
term (e) -r(t) is the slope of the unit NewWave; λ 2 is obtained from the second spectral moment of the wave energy spectrum (m 2 = λ 2 σ 2 );
term (f) -the predetermined constrained slope; for a crest, α̇= 0;
term (g) -the slope of the original random surface at t = 0 (or η̇r(0)).
The 2D NewWave and CNW can be generated considering the number of wave propagation direction of one (M = 1) in the above equations. More detailed descriptions of simulating NewWave and CNW can be found in
Cassidy [4] , Cassidy et al. [14, 15] , Tromans et al. [16] and Taylor et al. [17] .
In this study, the storm condition is represented by a JONSWAP spectrum with significant wave height H s =17.46 m, peak period T p =17.22 s and γ = 4.1 (representing a sample Northern North Sea conditions) which is discretized to 1024 frequency components with the cut-off frequency of 4f p , where f p is the peak frequency of the spectrum. The duration of the NewWave and CNW is 300 s and the peak occurs at t=150 s. The integration time-step (time increments) in the time domain simulation is 0.1 s, which is less than 1/20 of the zero upcrossing period of the sea-state and 1/20 of the first mode's natural period of the structure [24] . The waves are considered the only environmental load with no applied wind or current. A code is developed to quantify the water surface elevation. The generated water surface elevation is discretised into a finite set of wave components using the Fast Fourier Transform. Each component is expressed using a harmonic wave with a given amplitude, angular frequency, phase angle and a wave direction angle. USFOS uses these components to model the linear water surface and wave kinematics along any structural member. For wave components in a time-history analysis, all of the water particle kinematics are calculated using the Wheeler stretching method [25] . The extended Morison equation [26] , which incorporates the relative motions, is used to compute the hydrodynamic forces on a structural element. The hydrodynamic coefficient values for tubular sections in
Morison equation are C D =0.7 and C M =2.0, and the effects of marine growth are not considered. Though it is noted that, because of the truss legs of jack-ups the hydrodynamic coefficients can vary with wave direction, this
was not considered in this study. In addition, the possible difference in drag coefficient of due to 2D and 3D
waves was not included. The coefficients were assumed constant so as to investigate directly the effect of the directional wave kinematics.
To explore the effect of wave spreading, the water surface elevation and kinematics are estimated for both two and three-dimensional cases. For 3D analyses, the directional-spreading function D(θ) with s = 4 (as depicted in Figure 2 ) and dθ = 5° are used. For the 2D analyses, based on ISO [27] , the reduction in global hydrodynamic actions due to directional spreading can be included by reducing the wave kinematics by an equivalent kinematics reduction factor (K rf ). The K rf is estimated from Equation 7 by summation of the components of the kinematics from all directions, in-line with mean wave direction and is equal to 0.905 for the spreading function presented in Figure 2 . This factor calibrates the kinematics of 2D waves with 3D waves kinematics for the mean wave direction at the location of maximum crest height.
In this study, both 2D, i.e., unidirectional wave with kinematics reduction factor, and 3D waves are applied on the structure, and the results are compared. Figure 3 and Figure 4 show the water surface profiles, which were computed using the NewWave and CNW models, respectively. In these figures, both 2D and 3D water surfaces are illustrated to provide insight into the characteristics of the two wave models.
Nonlinear Structural Modelling
The USFOS model of the jack-up, which is shown in Figure 1 , comprises of three legs and a hull structure.
Because the jack-up structural elements are expected to experience substantial deformation and displacement under the action of extreme environmental loading, the jack-up legs are modelled through specially developed beam elements that can simulate large displacements and deformations. The hull structure is also represented by equivalent linear beam elements. The material nonlinearity is modelled using a stress-resultant plasticity approach, where the kinematic hardening model is used to characterise the yield and plastic potential functions [1, 23] . Geometrical nonlinearities at the local level (i.e., individual members) and global level are considered by updating the structure geometry as the analysis proceeds [1, 23] .
Soil-Structure Interaction Modelling
In the jack-up structure, spudcans represent the foundations of the structure and transfer the force on the jack-up legs to the underneath soil. For the sample jack-up analysed here sand conditions were assumed at the seabed, leading to use of a model that assumes drained soil behaviour (equally an undrained clay model could have been used, though this would have led to different failure conditions, with differences explained in Cassidy et al.
[28]). To ensure that these foundations perform effectively during storm conditions, the spudcans must endure a preloading process prior to operation commencement. Consequently, during the installation of the jack-ups, the spudcan foundations are preloaded by elevating the hull above the sea surface and filling the ballast tanks in the hull with seawater, which provides a greater vertical load than their proportion of the self-weight of the jack-up.
The preload level is determined from the required soil-bearing capacity for the design load conditions. During preloading, the spudcan penetrates the seabed until a balance between the total applied load and the soil resistance is attained. After the preload is held for a specific time, the preload water is dumped, and the jack-up is ready to be elevated to the operating air gap. The preloading process provides insight into the vertical bearing capacity of the foundation and can significantly affect the dynamic performance of the jack-up subjected to subsequent environmental loading. However, during storm conditions, the soil underneath the spudcan foundation is subjected to a combination of vertical (V) and horizontal (H) loads and an overturning moment (M). Hence, the soil-spudcan model should incorporate these actions.
In the present study, a hardening plasticity model available in USFOS is used to model the soil-spudcan interaction [29] . This model consists of a yield function to evaluate the bearing capacity and a flow rule to the initial yield surface (f e ) and the failure surface (f u ). The initial yield surface defines the loading condition for which plastic deformation is negligible and the response remains fully elastic, whereas the failure surface represents the fully plastic deformation condition. In the intermediate loading condition (i.e., where f e < f < f u ), the rotational response becomes nonlinear, but sliding and further penetration do not occur [30] .
A hardening function Γ provides a smooth transition from the initial yield surface to the failure surface in the intermediate zone, which is a function of the plastic rotation of the spudcan such that the zero plastic rotation gives f = f e and f = f u when no plastic capacity remains. Using θ � p as the parameter for the onset of failure, which can be expressed in the form of the spudcan's elastic rotational stiffness, the yield function for sand is presented as follows:
where
and where V p is the vertical preload, D eff is the effective spudcan diameter (this is equal to the diameter for purely circular spudcans or the equivalent diameter producing the same planar area for irregular spudcan shapes), and with the explicit form of Γ provided in references [29, 30] .
Consistent with plasticity theory, the plastic displacements are calculated by differentiating the plastic potential function (g) with respect to their conjugate load (i.e. flow rule). For sand, the plastic potential function is as follows:
where g e and g u are the initial and failure potential functions, respectively. Detailed information about the hardening plasticity models is presented by Amdahl et al. [29] and Van Langen et al. [30] .
RESULTS AND DISCUSSION
Results from nonlinear dynamic analyses on the sample jack-up structure subjected to extreme sea condition are studied in this section. In this study, the horizontal deck displacement at the hull centre in-line with the mean wave direction is used to represent the effects of the random background of ocean waves randomness and wave spreading on the overall nonlinear performance of jack-up structures under dynamically applied extreme waves.
Furthermore, the spudcan deformation, which represents the soil nonlinearity, is assessed to explore the effects of random directional waves on the soil plastic deformations as a critical factor that governs the overall performance of jack-up units. The effect of wave-attacking angles on the response of the sample jack-up platform is also investigated. Analyses are performed for mean wave directions of 0, 15, 30, 45 and 60° (as presented in Figure 1 ), and the results are extended to 360° because the jack-up structure is symmetric about three axes. The 0° wave attacking angle represent the waves that first attack two windward legs simultaneously and subsequently one leeward leg, whereas 60° wave attacking angle corresponds to the waves that first attack one windward leg and subsequently two leeward legs simultaneously.
Results from the NewWave Model
Shown in Figure 5 is To better understand how the inclusion of the wave directionality can cause such considerable changes in the results, the response of the sample jack-up when subjected to waves from 0° are further investigated as an example. Figure 7 and Figure 8 present the time histories of the deck displacement at the reference node (i.e., the centre on the hull) and at the leeward spudcan, respectively. In these figures, points "a" and "c" correspond to the results of 3D and 2D waves, respectively, when a wave crest passes through the structure, and points "b"
and "d" correspond to the time when a wave trough passes through the sample jack-up.
As observed in Figure 7 , the maximum deck displacement because of the crest of the 3D NewWave (point "a")
is considerably less than that of 2D NewWave crest (point "c"). In other words, the inclusion of wave spreading reduces the maximum deck displacement when a wave crest passes through the sample jack-up model. This result is completely consistent with the reduction in the horizontal and vertical displacements in the leeward spudcan from point "c" to point "a" as presented in Figure 8 . It is worth noting that the reduction in spudcan vertical displacement, which is a result of including the 3D effects, can delay or prevent the global instabilities during storms. To explore such results, the time histories of the NewWave water surface at the windward legs, leeward leg and reference node at the jack-up hull ( Figure 9 ) are investigated. Figure 9 shows that the 20 m crest height occurs at the reference node of the jack-up in both the 2D and 3D cases (as this was the input). However, a focus on the water surface profile clearly displays that on the windward legs, the 3D NewWave simulated a smaller crest height than the 2D NewWave. This result shows that in this case study, the inclusion of 3D effects reduces the hydrodynamic forces when a wave crest passes through the structure and explains why this inclusion reduces the displacements at the jack-up hull and leeward spudcan. Figure 10 traces the hysteresis of resultant forces on the leeward spudcan, which are superimposed to the soilspudcan initial yield and failure surfaces (Equations 9 and 10 in Section 2.3). In this figure, when the hysteretic resultant force becomes asymptotic to the failure surface (f = f u ) means that a fully plastic condition occurs. At this stage, the plastic deformations become large, i.e. further penetration or sliding failure starts to occur. Figure   10 shows that for both 2D and 3D NewWaves, when a wave crest passes through the structure, plasticity occurs in the soil (points "a" and "c").
The analyses are repeated with a NewWave with maximum crest height of 17 m for which no considerable plastic response in the soil is expected. The results from these analyses are plotted in Figure 11 , which clearly shows that the inclusion of wave spreading diminishes the amount of deck displacement. However, the rate of reduction in deck displacement because of inclusion of the 3D effects is lower than that when nonlinearity occurs in soil for a crest height of 20 m. Therefore, the effect of wave spreading obviously has a great interdependency with the soil-spudcan-structure interaction. In fact, to rationally assess the effect of the wave directionality, it is crucial to accurately predict the soil-spudcan deformations.
Results from the CNW Model
To inspect the effects of the random background of waves as well as their directionality, 2D and 3D CNWs were generated and applied on the structure. Figure 12 displays the time history of deck displacement of the sample jack-up, which was subjected to a CNW with a NewWave crest height of 20 m at the hull centre approaching from 0°. The behaviour in this figure is notably similar to the behaviour for NewWave in Figure 7 : the inclusion of 3D effects reduces the maximum deck displacement when the wave crest passes through the structure.
Displaying the water surface profile on the jack-up legs can provide more insight into the effect of the directionality of random waves. Figure 13 illustrates the water surface profile on two windward legs. It can be noticed that unlike the 3D NewWave model, the 3D CNW model predicts different water surface elevations on the windward legs, which can cause more out of plane and torsional vibrations in the structure than the model with 3D NewWave.
To further assess the effect of 3D CNWs, the time history of the deck displacement perpendicular to the mean wave direction is illustrated in Figure 14 . It should be noted for the 3D NewWave this value is zero as the summation of perpendicular components of the wave force are zero considering the symmetric structure and symmetric water surface. However, for the 3D CNW, the deck fluctuates in the perpendicular direction (shown in Figure 14 ) with much smaller amplitude than that observed in the mean wave direction (shown in Figure 12 ).
This indicates that the wave force in the perpendicular direction is not zero which is due to the asymmetric water surface of the 3D CNW. The maximum total deck displacement of 2D and 3D CNWs, are 2.78 m and 2.62 m respectively.
To assess the effect of different random backgrounds of CNWs on the structural response statistics, 100 2D and 100 3D CNWs with a NewWave crest height of 17 m, positioned at the hull centre, were generated and applied on the sample jack-up. It is noticed that no overall failure occurred under the applied CNWs. The statistical results extracted from these analyses can be characterised using the Weibull distribution function [31] . Figure 15 depicts the Weibull distribution of the maximum computed deck displacements using 100 analyses for 3D
CNWs approaching from 0°. The Weibull distributions of the maximum deck displacement from 2D and 3D
CNWs are compared in Figure 16 . In addition, Figure 17 plots the mean values of the Weibull distribution of the maximum deck displacement from 2D and 3D CNWs with a NewWave crest height of 17 m, which attacks from different directions. These figures demonstrate that the inclusion of wave spreading can considerably change the response statistics.
Effect of Wave Spreading on the Probability of Failure
The analyses results for NewWaves with maximum crest heights of 17 m and 20 m and for 100 CNWs with a NewWave crest height of 17 m demonstrate that these waves do not lead to any failure in the sample jack-up.
However, when the jack-up is subjected to CNWs with a crest height of 20 m, it cannot survive the attack from some of these random waves. Table 1 summarises the total number of failures for different wave-approaching directions and the modes of failure for 2D and 3D CNWs. The probability of failure is calculated by dividing the number of failure cases to the total number of analyses for each direction (i.e., 100 cases).
It is worth highlighting that the failure modes mainly occur because of either foundation failure (i.e., punchthrough failure) or a loss of overturning stability (i.e. spudcan uplift), which is expected for the amount of applied preload of 80 MN [32] . The maximum number of failures occurs for the wave-attacking angle of 60°, where all failure modes are unstable in the structure because of overturning.
In Figure 18 , the probability of failure in different wave directions is overlaid for both 2D and 3D CNW analyses. This figure demonstrates that for the sample jack-up, the inclusion of wave spreading reduces the probability of failure due to the random background in the CNWs that approach from different directions. The results reflect that the governing mode of failure differs as the wave direction is altered. There is a compressive punching failure in the single leeward leg in the 0° wave direction. Once the wave has rotated to the 60° wave direction there is a single windward leg and it fails due to spudcan uplift. These two conditions have higher probabilities of failure than the angles in-between as they represent the failure of the one leg.
Effect of Wave Spreading and the Random background on the Dynamic Amplification Factor (DAF)
When the randomness and wave-spreading effects are included in the analysis, the structure is excited from different directions with different frequency contents. Therefore, it is productive to evaluate the dynamic amplification factor (DAF) when these effects are included.
The dynamic effects from the wave loads may be assessed based on comparing the significant response obtained from both a dynamic analysis and a quasi-static analysis. The displacement of the hull centre in the mean wave direction may be typically chosen as the response variable to determine DAF [33] as it is shown in Equation 15 .
DAF = |Maximum dynamic hull displacement| |Maximum static hull displacement| (15)
To illustrate the efficiency of the deck displacement in comparison to a base shear as the response variable to estimates the DAF, dynamic and quasi-static analyses were performed with 3D NewWaves with maximum crest heights of 17 m and 20 m, and the DAF was estimated based on both the deck displacement and the base shear.
It is observed that for the crest height of 17 m, the calculated DAF based on the deck displacement is 1.397, but decreases to 1.389 when estimated based on the base shear, as shown in Figure 19 . This reduction is more pronounced for the 20 m crest height, where the displacement DAF is 1.268 and the base shear DAF is 1.208.
As previously stated in Section 3.1, under NewWave with a crest height of 20 m, nonlinearities occur in the soilspudcan; however, the effect of these nonlinearities in the overall response is not reflected in the base shear.
Therefore, a higher amount of plasticity in the system results in a higher difference between the estimated DAFs from the base shear and the deck displacement. It is also noted that when the crest height is increased from 17 m to 20 m, the DAF is decreased, which is attributed to the plastic deformations in soil, which reduces the effect of dynamic actions.
To assess the effect of wave spreading on the DAF, the results from 2D and 3D NewWaves are compared with the average results of 100 2D and 3D CNWs with a crest height of 17 m, which approach from different angles, as depicted in Figure 20 . In this figure, the 2D waves estimated different DAFs from the 3D waves. However, there is no general trend that rules such changes, i.e., 2D waves do not always result in a higher DAF. It should be noted that inclusion of a random background considerably increases the DAF for both 2D and 3D CNWs in comparison with the NewWaves.
Effect of Different Wave Periods on Wave-spreading
In order to assess the effect of wave period on the wave-spreading effects, two other wave spectrums (JONSWAP spectrum) with significant wave heights of H s = 12.00 m and 14.40 m and peak wave periods of T p = 12.86 s and 15.21 s respectively and γ = 3.3 with cut-off frequencies of 4f p which are discretized to 1024 frequency components are considered. 100 2D and 3D CNWs with maximum crest heights of 17 m and 20 m are generated and applied on the same sample jack-up structure. Figure 21 shows the ratio of the mean values of the Weibull distribution of the maximum deck displacement of 3D to 2D for the 100 CNWs. This is for a constrained crest height of 17 m (at the hull centre) and compares different wave periods attacking from different directions. As presented in Figure 21 , for this sample jack-up's dimensions when the wave period decreases the difference between 3D and 2D responses increases. This is because the crest width (perpendicular to the mean wave direction) of the 3D waves decreases with a lower wave period. Therefore, the effect of wavespreading effect is more pronounced. Figure 22 compares the ratio of the average DAF of 3D CNWs to that of 2D CNWs (again for a crest height of 17 m constrained at the hull centre). This ratio increases as the wave period decreases (and is particularly pronounced for T p = 12.86 s). It shows that, for the sample jack-up, when the peak wave period approaches the natural period of the structure then the effect of waves that are exciting the structure from different directions is more significant. This is because the dynamic effects are making a greater contribution. Figure 23 depicts the difference in the probability of failure of the sample jack-up for 2D and 3D waves. As illustrated, when the sample jack-up platform is subject to waves with lower periods (approaching the natural period of the jack-up) inclusion of 3D effects results in a decrease in the failure rate. This is because of the narrower crest width due to a lower period as well as the high nonlinearities in soil from the 20 m crest height.
As previously discussed in section 3.1, the difference between 2D and 3D results will be greater when a larger crest height, which results in higher nonlinearity in the soil, passes through the structure.
Wave Spreading and Fatigue Life Time of Offshore Structures
In the current provisions, the fatigue life of offshore structures was evaluated by applying deterministic and spectral methods, where the wave analyses were conducted using 2D and regular wave theories. To assess the effects of wave spreading on the fatigue life of a jack-up structure, 2D and 3D NewWaves with a crest height of 5 m were generated from a sea-state characterised by a Pierson-Moskowitz spectrum with H s = 4.75 m and T p = 11.5 s with the cut-off frequency of 4f p using the spreading function in Figure 2 and applied on the sample jackup platform. The Pierson-Moskowitz spectrum was used in this case to be consistent with the DNV [33] guidelines. The spectrum is discretized to 1024 frequency components and dθ is equal to 5°. Figure 24 presents the axial force developed in a brace member near the water surface as an example. The inclusion of 3D effects clearly reduces the internal forces. Based on the results from this high-level study, it can be concluded that the inclusion of spreading can change the internal actions in the members and connections and potentially affect the fatigue life of offshore structures. Note that this result was based on a narrow spreading function (s = 4 in Figure 2 ), whereas fatigue waves (i.e., waves that result in high fatigue damage) usually have a wider spreading function [34] , which clearly intensifies the wave directionality effects. Therefore, further investigation is recommended on this subject.
SUMMARY AND CONCLUSIONS
In this paper, NewWave and CNW theories were used to determine the sea-state to investigate the effects of wave directionality and the random nature of ocean waves on the performance of a sample jack-up platform, as an example of a dynamically sensitive structure. Both 2D, i.e., unidirectional wave with kinematics reduction factor, and 3D waves are applied on the structure, and the results are compared.
In this study linear waves with linear wave kinematics were employed. However, it should be noted that using a second order water surface and kinematics model can may cause different results. In addition, it is acknowledged that results can may vary if a different spreading function such as frequency dependent function is adopted. Based on the results outlined in this paper, the following points are highlighted for the sample jackup:
-The inclusion of wave spreading in dynamic analyses reduces the maximum deck displacement for all wave-approaching angles. The results from both the NewWave and CNW models with different periods confirm this behaviour.
-The level of reduction in the maximum deck displacements due to inclusion of wave 3D effects depends on the wave period as well as the level of nonlinearity in the structure and soil-spudcan interactions, such that by decreasing the wave period and/or by increasing soil plasticity the 3D effects become more pronounced.
-The evaluation of the results shows that the 2D CNWs lead to a considerably higher failure rate than the 3D CNWs. Thus, when the 3D spreading effects are included, the probability of failure is noticeably decreased. In addition, it is shown that the level of reduction in the failure probability is increased when wave period is decreased.
-The DAF that is estimated based on the ratio of the maximum base shear from a dynamic analysis to the maximum base shear from a quasi-static analysis is generally lower than the DAF that is estimated based on the maximum deck displacement because the maximum base shear fails to reflect the effect of nonlinearities in the system.
-Inclusion of the wave-spreading effect changes the DAF. For relatively higher wave periods such change does not follow a general trend, however, when the wave period is decreased, i.e. when wave period approaches the natural period of structure, inclusion of 3D effects results in increase in DAF.
The effect of including a random background considerably increases the DAF level for both 2D and 3D
CNWs in comparison with the deterministic NewWaves.
-The change in internal actions of the structural members and connections suggests the potential effect of wave spreading on the fatigue life of the jack-up structures or other offshore structures, for which the 3D-wave effects are considerable. Therefore, further investigation is recommended on this subject. 
